Abstract The phase transitions proceeding during melting of selected Sn-Ag-Cu alloys were determined by means of the DSC technique. Twelve compositions were studied along two cross-sections with silver to copper molar ratios X(Ag)/X(Cu) = 1 and 7/3 and tin concentration from 0.4 to 0.9 mol fraction. The transition temperatures were calculated using Pandat software package and thermodynamic parameters from the SOLDERS database. The experimental results were compared with both available literature data and calculation results, and a good agreement was observed. Deconvolution of DSC complex curves was performed using PeakFit v.4.12 software package. Eutectic mixture mass fractions involved in the eutectic transformation were determined. The obtained results were compared with the data calculated using thermodynamic parameters and good agreement was achieved in the case of alloys of higher content of Sn. The discrepancy was found in the case of alloys with lower Sn content where initial structure of the samples subjected to DCS analysis was partly a result of the occurrence of peritectic transformation.
Introduction
The first order phase transformations proceeding in solid and liquid states are characterized by non-zero volume and entropy (or enthalpy) changes. On that reason, one of the thermal analysis (TA) methods-differential scanning calorimetry (DSC)-is suitable and very useful for the examination of metals and alloys in solid and liquid states. DSC enables analysis of phase transformations, yields data required to prepare phase diagrams and provides quantitative information about the kinetics of phase transformations [1, 2] .
The Sn-Ag-Cu ternary system has been a subject of interest and intensive research for more than 15 years [3] . The main reason is, tin-rich alloys based on this system can be used as lead-free solders [4] . There is a number of works regarding TA of Sn-Ag-Cu alloys [3, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] but complex analysis of melting and solidification characteristics in a wide range of temperatures and concentrations is still missing. Most of these works concentrate on tin-rich corner of Sn-Ag-Cu system. For example, Moon et al. [5] studied Sn-rich corner of the Sn-Ag-Cu system to find eutectic composition and temperature to be at 3.5 wt% Ag, 0.9 wt% Cu, and 217.2°C, respectively. The findings of Loomans and Fine [6] agree with that very well. For a broader composition range, recently Marianovic et al. [16] using differential thermal analysis (DTA) studied invariant reactions for three cross-sections of constant molar ratios X(Ag)/X(Cu) = 1, X(Ag)/X(Sn) = 1, X(Cu)/X(Sn) = 1, four compositions each, every 0.2 mol fractions of the third component. Utilizing thermodynamic parameters from the SOLDERS database [17] , they calculated phase diagram cross-sections and liquidus projection. They obtained relatively good agreement between calculated and experimentally determined invariant reactions for most of the compositions they studied [16] . Thermodynamic data available in the SODERS database [17] , developed under the framework of COST Action 531, come from an assessment partially based on previous studies of phase equilibria in the Sn-Ag-Cu ternary system. For reasons stated above, it is interesting to reinvestigate this system using different technique, starting from Sn-rich corner.
It is noticeable lack of comprehensive, calorimetric study aimed in applying of DSC technique to determine the specific enthalpy changes of separate phase transformation proceeding in Sn-Ag-Cu system, especially for alloys with non-eutectic compositions. The main goal of this work is to enhance available data on phase transitions in the Sn-Ag-Cu ternary alloys that can be used for better thermodynamic description of this system.
Experimental
Twelve compositions in Sn-Ag-Cu ternary were studied along two cross-sections of constant silver to copper molar ratios X(Ag)/X(Cu) = 1 and 7/3 and tin concentrations X(Sn) = 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, respectively. Before starting with ternary samples, preliminary measurements on selected compositions from Sn-Ag (X(Ag) = 0.1; 0.2; 0.3; 0.5), Sn-Cu (X(Cu) = 0.1; 0.2; 0.3; 0.5), and Ag-Cu (X(Ag) = 0.3; 0.4; 0.5) binaries were carried out.
The alloys were prepared by melting accurately weighted amounts of pure elements (Sn 99.999 %, Ag 99.99 %, Cu 99.999 %) to obtain alloys of desired composition. Alloys were melted in graphite crucibles under protective atmosphere of high purity Ar (99.9999 %) to ensure that no oxidation occurred during melting process. The investigations were carried out using differential scanning calorimeter Netzsch DSC 404 C Pegasus. Before realizing the DSC experiments, the sensitivity and temperature calibration of DSC were performed by measuring the heat of melting and the melting temperature, respectively, of pure elements (In, Sn, Bi, Zn, Al and Ag) using the same working conditions. The samples ca 50 mg were ultrasonically cleaned in acetone and placed in the alumina crucibles of DSC holder. They were heated at a relatively low rate of 5 K min -1 in argon (99.9999 %) protective atmosphere and DSC curves were recorded.
Solidus, liquidus, and other characteristic temperatures can be determined by analyzing the thermal effects revealing in DSC curves. Extrapolated onset temperature was established as a measure of invariant reaction temperature; this parameter does not depend significantly on the experimental heating rate. To estimate liquidus temperature the peak maximum or extrapolated end temperature can be chosen. In the case of complex (non-eutectic) effects and higher heating rates, the temperature maximum of the last peak was considered because of relatively weak dependence of this parameter on the heating rate [7] . Figure 1 shows exemplary DSC curves of alloys Sn-Cu and Sn-Ag-Cu with thermal effects evoked by heating of the alloy. The DSC curves maintain their complex nature over the experimental temperature range. The overlapping effects which can be found in DSC curves at higher temperature make the qualitative analysis difficult.
In the solidus-liquidus temperature range ( Fig. 1 
where fw k denotes the resulting change of mass fraction of substance transformed.
Results
The experimental phase transition temperatures and bulk thermal effects for Sn-Ag, Sn-Cu and Ag-Cu alloys are collected in Table 1 , and compared graphically in Fig. 2 against phase diagrams calculated based on thermodynamic data from the SOLDERS database [17] . The enlarged section of Fig. 1 Table 2 . The results of measurements are compared in Fig. 3 with the cross-sections calculated with the Pandat package using thermodynamic description of Sn-Ag-Cu system from SOLDERS database [17] . A comparison of calculated and experimentally determined temperatures of invariant reactions shows generally good agreement between them. The solidstate allotropic reaction occurring below the solidus at *180°C was confirmed for both cross-sections. Since there is no such reaction in Sn-Ag binary, in future studies of Sn-Ag-Cu ternary it would be interesting to find how high must be silver to copper ratio for this line to disappear.
The determined solidus line in the range X(Sn) [ 0.4 (corresponding to eutectic reaction) is in very good agreement with the calculated one, also the majority of the remaining experimentally determined solid-state reactions show a close match to the results of calculations. The experimentally determined liquidus of Sn 70 Ag 15 Cu 15 (at%) alloy is higher than it was expected according to calculations. According to calculations and experimental data, for X(Ag)/X(Cu) = 7/3, the distance between the liquidus and a line representing the nearest reaction occurring below is smaller compared to X(Ag)/X(Cu) = 1. A comparison of our results for X(Ag)/X(Cu) = 1 cross-section with the DTA data from [16] indicate that using the DSC technique, we were able to confirm more of the invariant reactions at respective compositions, that are present according to calculations.
Discussion
Complex DSC curves consisting of the overlapping thermal effects in the solidus-liquidus temperature range can be separated by means of specialized software using analytical peak profiles and appropriate curve fitting methods. Fig. 2 The calculated phase diagrams compared with DSC results from the present study: a Sn-Ag, b Sn-Cu, c Ag-Cu. Calculations performed with Pandat based on thermodynamic data from SOL-DERS database [17] , crossed squares correspond to transition temperatures listed in Table 1 errors in the estimated contribution (u k ) of these effects in the whole transformation. Analysis of eutectic transformation in ternaries was supported by the additional DSC analysis of some SAC305 alloys of eutectic composition; a criterion to qualify as an alloy of eutectic composition has been the lack of hypoeutectic primary phases registered on both the heating and cooling DSC curves. Figure 5 presents DSC curve recorded for the selected alloy of eutectic composition Sn 96.0 Ag 3.1 Cu 0.9 at%, provided by Alpha Metals Loetsysteme GmbH. Enlarged detail of DSC curve confirms the lack of hypoeutectic transformations. The measured specific enthalpy change accompanying the eutectic transformation in eutectic system equals 67.8 ± 2.1 J g
For all the investigated alloys, taking this constant value of enthalpy change as DH k s , the bulk thermal effects DH of melting process (Table 2 ) and the eutectic transformation shares (u k ) of the total thermal effect obtained in the deconvolution process, the mass fractions of the phases involved in the eutectic transformation were determined according to Formula 2, with an uncertainty of measurement not exceeding 8 %. Figure 6 shows dependence of the experimental and calculated (Pandat) mass fractions of the transformed eutectic mixture on tin content, for both cross-sections with silver to copper molar ratios X(Ag)/X(Cu) = 1 and 7/3.
Differences between experimental and calculated values increase with decreasing tin content indicating the nonequilibrium excess of eutectic mixture in the tin composition range of the occurring earlier peritectic reaction. Excess amount of liquid, which is not fully reacted in the peritectic transformation according to the equilibrium Fig. 3 The calculated phase diagrams compared with DSC results from the present study for two cross-sections in the Sn-Ag-Cu ternary system: a X(Ag)/X(Cu) = 1; b X(Ag)/X(Cu) = 7/3. Calculations performed with Pandat based on thermodynamic data from SOLDERS database [17] , crossed squares correspond to transition temperatures listed in Table 2 0. phase diagram, is ultimately solidified in the eutectic transformation, resulting in greater quantity of eutectics recorded by means of DSC measurements. Greater differences between the experimental and calculated results in the case of alloys with composition lying along X(Ag)/ X(Cu) = 1 cross-section, may be due to a relatively lower efficiency of peritectic reaction, which is much faster ceased as a result of separation of liquid and consumed primary phase, which could grow earlier in a wider temperature range to a larger size.
Conclusions
Twelve compositions from Sn-Ag-Cu ternary system and eleven from Sn-Ag, Sn-Cu, and Ag-Cu alloys were studied by means of DSC. The determined temperatures of invariant reactions were compared with calculated phase diagrams of respective systems, which were calculated using the data from the COST 531 thermodynamic database. Good agreement is observed between the majority of experimentally determined invariant reactions and the results of calculations. Also, relatively good agreement is observed for alloys lying along X(Ag)/X(Cu) = 1 cross-section between our results and the data of Marianovic et al. [16] .
The changes of mass fractions of phases involved in the eutectic transformation were determined with an uncertainty of measurement not exceeding 8 % and compared with values calculated using Pandat. A good agreement was observed for compositions of 80 and 90 at% of Sn (cross-section X(Ag)/ X(Cu) = 1) and 70, 80, and 90 at% of Sn (cross-section X(Ag)/X(Cu) = 7/3). For the remaining alloys with relatively low Sn contents, the obtained values are higher, indicating a greater quantity of reacted eutectics compared with predicted values. These are compositions for which the initial matrix structure of alloys under DSC investigations contains structural effects of peritectic transformation. Greater differences between the experimental and calculated results in the case of alloys with composition lying along X(Ag)/X(Cu) = 1 crosssection, may be due to a relatively lower efficiency of peritectic reaction using phase (Cu 3 Sn), which could grow earlier in a wider temperature range to a larger size. Under certain conditions, obtained results can be used to determine the amount of the phases involved in the eutectic transformation without having to know their usually unknown temperaturedependent densities, in contrast to the methods of quantitative metallography using measurements of volume fraction. 
